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The behavior of some substituted cyclopentadienybnanganese ions has been studied by 
tandem mass spectrometry. This metastable ion study showed that only CSH,Mn+ and 
(CsH4CN)Mnf ions retain their nido-cluster structure (11, which is characterized by a simple 
metal-ligand bond cleavage. Other substituted ions, IWC,H,Mn+, rearrange to a different 
extent, depending on the nature of the substituent. The first rearrangement step is R radical 
migration to the central metal atom, leading to RMnC,H,X”-type ions (22). These ions 
decompose by elimination of X (for X = CO) or with formation of RMnl‘, but further 
rearrangements can also occur. These are the reverse migration of R from the metal atom to 
the fl-Iigand (for R = H, Ph) and cyclopentadienyl ring expansion (for X = CH,). Collisional 
activation mass spectra contained an &In + ion peak, which can indicate the existence of 
stable type 1 structures for most cyclopentadienyhnanganese ions. Carboxyl and hydrox- 
ymetbyl derivatives exist, presumably as ions of type 2. The neutralization-reionization 
mass spectra of RXC,H,Mn+ ions are also discussed. fr Am Sot Mass Spectrum 1993, 4, 
216-222) 
C 
yclopentadienyl nido clusters of transition met- 
als play an important role in organometallic 
chemistry. They are used, for example, as in 
situ reagents for the synthesis of polynuclear com- 
plexes [I]. In the condensed phase these ions presum- 
ably exist as solvated species [ll. Nido clusters with 
functionai groups on the substituent have been studied 
less than their unsubstituted or polyalkylated ana- 
logues. 
1 z 
Scheme I 
The characteristic feature of the gas-phase nido reactions, cyclopentadienyl metal ions usually arise 
clusters of type RXCsH41vLnf Cl; R = halogen, hy- from several pathways [2] and can be generated via 
droxyl, alkyl, etc.; X = CO, CH,) is their rearrange- processes involving a wide range of internal energies; 
ment into ions of type 2 (Scheme I). The relative this complicates the correct interpretation of experi- 
capabilities of nido-cluster ions for this isomerization mental data. In this work, the behavior of metastable 
was estimated by the analysis of decomposition path- mass-selected ions was studied using tandem mass 
ways of these ions in the ion source of a mass spec- spectrometry, where a much narrower range of ion 
trometer [2] or by the study of their ion-molecule energies is involved and where it may be ascertained 
reactions with crown ethers 131. In the ion source whether rearrangement precedes fragmentation. 
istry, IJr&rsity oi Ottawa; 140 Louis P&t&, Ottawa, Ontario, 
Canada KIN 6N5. 
For the generation of unsolvated nido-cluster 
RXC5H4Mn* ions (la-lh), the corresponding tricar- 
bonylmanganese compounds were evaporated and 
ionized by electron impact. In all cases, and in agree- 
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ment with other work [2, 41, intense signals for the 
appropriate peaks were observed. 
v X-R 
Mn+ 
la - lh 
Experimental 
Cyclopentadienyltricarbonylmanganese and methylcy- 
clopentadienyltricarbonylmanganese were purchased 
from Aldrich Chemical Co. (Milwaukee, WI). The other 
compounds were synthesized as described elsewhere 
151. 
Electron-impact, metastable ion (MI), collisional- 
activation (CA), and neutralization-reionization (NR) 
mass spectra were recorded using a modified VG Ana- 
lytical ZAB-2F mass spectrometer 161. In CA experi- 
ments, He or Xe was used as collision gases. In NR 
experiments, Xe and 0, were used for neutralization 
and reionization, respectively. In both cases, the pres- 
sure of the gas in the first collision cell of the second 
field-free region was adjusted to give a main beam 
transmission of 90%, which corresponds to essentially 
single-collision conditions. The pressure of 0, in the 
second collision cell reduced the main beam by ap- 
proximately 15%. 
Results and Discussion 
The MI mass spectra of ions la-lh are listed in Table 
1, from which it can be seen that the decomposition 
pathways of metastable RXCsH&n+ ions are very 
sensitive to the nature of the RX group. 
C, H,Mn+ and MnC&l.&iV + Ions 
The unsubstituted cyclopentadienylmanganese ion and 
its cyano derivative show only one peak in their MI 
X,R=- ,H 
X,R=- ,CN 
X, R =CO , CH, 
X, R =CO , C,H, 
X,R=CO,OH 
X,R=CO,H 
X, R =CH,, H 
X, R =CH,, OH 
mass spectra, namely, the Mn+ ion. This is generated 
from a simple metal-ligand bond cleavage, and its 
formation has been proposed as indicating the pres- 
ence of the nido-cluster structure [2, 3, 4d, 4fJ. The 
C,H; ion is absent in the MI mass spectrum of 
CsH&ln+. This can readily be explained by the higher 
endothermicity of the reaction, leading to Mn (280 kJ 
mol-‘) + C,Hz (1052 kJ mol-‘) relative to that for the 
formation of Mn* (997 kJ mol-‘) + C,H, (241 kJ 
mol-‘).l The same reason applies to the cyanocy- 
clopentadienylmanganese ion. 
In both cases, the experimental results can be also 
explained in terms of the Stevenson-Audier rule [8]: 
The manganese atom ionization energy (7.435 eV> is 
indeed lower than ionization energies for C,H; (8.69 
eV 191) and NCC,H, (9.44 eV [9D. The large difference 
between the ionization energies of the metal atom and 
the organic ligand leads to the exclusive elimination of 
the latter as the neutral particle from low-energy 
(metastable) ions. 
‘All thermochemical data are taken from ref 7, unless separately 
referenced. 
Table 1. M&stable ion mass spectra of LMn+ (L = RXC,H,) ions la-lh 
MnC L+ MnR+ MdL- RI+ MntL- CO)+ MdL- H,OI+ Za 
IFI 100 - - < 0.01 
lb 100 - - - - < 0.01 
'Ic - i 100 5 - 4 13 
Idb - 20 - 100 25 
Id - - 100 - 2 9 _ 100 
If - loo - - - - z= 100 
19 - 100 6 1 - > 100 
lhb - - 100 - 26 5.5 
‘See text for explanation of Z values. 
‘Other ions: (ld) C5H,Ph+. 
Hz)+. 36. 
< 1; (lo) C,H,Mn+. 2; Mn(L- ti)+. 3; and (1 h) MnfL- HI+, 7: Mn(L- 
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Gwbonyl Derivaf ives MnC, H4 COR ’ 
The MI mass spectra of ions lc-le are also charac- 
terized by the presence of abundant rnanganese- 
containing fragments. Organic ions, RCOC5H:’ are 
observed-% the MI mass spectra of acetyl and benzoyl 
derivatives (Table 11, but they originate not from the 
simple metal-ligand bond cleavage in type 1 ions; the 
mechanism of their formation is discussed later. 
The nido-cluster structure of type 1 ions is responsi- 
ble for the formation of some ions in the MI mass 
spectrum of the acetyl derivative (1~). This is exempli- 
fied by H,O elimination, which according to previous 
work [lo], results from keto-enol isomerization in the 
acyl group. 
The CH, radical loss can also proceed from the 
intact Ic structure by direct C-C bond cleavage in 
the substituent, but possibly it occurs via migration of 
CH, to Mn, followed by Mn-CH, bond dissociation 
in the ion (PC). 
The rearrangement of substituted cyclopentadienyl 
metal ions into type 2 structures has been emphasized 
in much previous work [2,3,4-d, 4f, 111. The formation 
of MnB+ ions was considered to be the main character- 
istic of decomposing ions of type 2 (Scheme I). These 
MnR+ ions are the most abundant species in the MI 
mass spectrum of lc and have a moderate intensity in 
the Ml mass spectrum of the benzoyl derivative Id. 
The most abundant MI peak for Id corresponds to 
MnC,H&H:, whose formation can also result from 
precursor 2d by the elimination of CO. Loss of CO is 
proposed to be followed by the migration of the phenyl 
group onto the C,H, ligand, the reaction proposed 
earlier by Gogan and Chu [4fl. Thus, the final struc- 
ture of the fragment may correspond to the phenyl- 
cyclopentadienylmanganese cation. This “reverse” 
migration of the C,H, radical is indicated by the 
presence of a C,H,C,H; ion peak in the MI mass 
spectrum of ld. 
All of the ions in the MI mass spectrum of le can be 
explained as arising from the 2e isomer. The most 
abundant peak corresponds to MnOH+. Elimination of 
CO also proceeds from the 2e structure. The third type 
of fragment &ZC6H30Mn+ ions) may arise from H,O 
loss from both le and 2e ions, but note that in the case 
of the hydroxymethyl derivative, lh (see below), a 
1,3elirnination from the intact nido-cluster structure is 
not observed. Thus, if the 1,3-elimination does not take 
place in lh ions, it is even less likely to be effective for 
the relatively inflexible carboxyl derivative. Therefore, 
all the fragments in the MI mass spectrum of 
MnCSH4COOH+ ions originate from the type 2 iso- 
mer, in good agreement with previous data on their 
reactivity toward crown ethers [ 31. 
The MI mass spectrum of the formyl-substituted ion 
(10 differs drarnaticallv from the other acvl deriva- , 
tives, with no peaks corresponding to a manganese- 
containing ion. The only decomposition process ob- 
served is the formation of C6H50+. The behavior of 
the formyl derivative cannot be predicted from ther- 
mochemical arguments. The effect of acyl substitution 
on the ionization energies of cyclopentadienyl radicals 
(e.g., using cT+-substituent constants [9]) shows that 
the ionization energies for acylcyclopentadienyls 
should be significantly higher (2 9 eV) than the ion- 
ization energy of the hh atom (7.435 eV). 
Thus, isomerization of If ions before decomposition 
must be envisaged. The electron-impact mass spec- 
trum of (COl,MnC,H,CHO shows an M&If ion peak, 
which arises from hydrogen atom migration from the 
CHO group to the metal atom [3, 4b, 4fl. The 2f 
structure may be proposed to rearrange into structure 
3, the next isomer of If. If the hydrogen atom migrates 
directly to the cyclopentadienyl ring (Scheme II), a 
“renovated” r-ligand is produced, although other sig- 
matropic isomers could in principle be involved. Ac- 
cording to Scheme II, ion 4 is the most probable struc- 
ture for the organic ion resulting from Mn atom loss. 
The C6HsO* species could also have been the phe- 
noxy ion, but its high ionization energy (8.56 eV) rules 
it out. 
The same rearrangement of 1 ions into type 3 struc- 
tures can be proposed for the decomposition of 
metastable ace@- and benzoyl-substituted derivatives 
via neutral metal atom loss. 
Methylene Derivatives, MnC, H,CH, R 
In contrast with the data published by Efraty et al. 
[4e], the metastable peak for the CHaCsH&ln+-+ Ivin+ 
transition was not observed in the present study. The 
main dissociation reaction of metastable C,H,Mn+ 
ions in the second field-free region of the ZAB-2F mass 
spectrometer was manganese atom loss, forming the 
C,HF fragment noted also in ref 4a. The ions MnH+ 
and C,H,Mn+ are also present in the MI mass spec- 
trum but at low abundance. There are no obvious 
reasons for such a sharp change in the reactivity of 
nido-cluster CSHSMn+ and CH&H,Mn+ ions be- 
cause the ionization energy for the methylcyclopenta- 
dienyl radical (8.54 eV [8]) is higher than that of Mn by 
more than 1 eV. Thus, for the CH,CSH4Mn+ ion the 
dissociation into Mn4+ C,H,CH, is still thermody- 
namically preferable to decomposition to Mn + 
C,H,CH,+. To explain this “unusual” behavior of 
CsH7Mn+ ions, a facile isomerization of the ntdo- 
cluster ions lg, by analogy with that for If, must be 
proposed. 
The presence of MnH+ ions in the MI mass spec- 
trum can arise via hydrogen atom migration from the 
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Scheme III 
methyl group to the central metal atom as the first 
stage of the isomerization; but a type z structure can- 
not produce the C,H: ion without additional rear- 
rangement. Therefore a reverse migration of hydride to 
the hydrocarbon ligand is proposed; therefore the final 
structure for decomposing ions CSH,Mn* differs sig- 
nificantly from lg. Thus, a ring-expansion process leads 
to ion 5 (Scheme III). Note that there are some similari- 
ties in the behavior of C6H7Mnf ions derived from 
tricarbonylmanganese complexes containing five- 
membered methylcyclopentadienyl and six-membered 
(~5-cyclohexadienyl) [12] ligands-in both cases, the 
metastable peaks due to MnH+ and C,H: ions forma- 
tion were found. 
To further investigate the above proposal, the be- 
havior of C,Hg ions derived from ionized 1,3- 
cyclohexadiene and from CH,C,H,Mn(C0)3 in the 
ion source were compared. The C,HG ions from 1,3- 
cyclohexadiene have the structure of protonated ben- 
zene, and the MI, CA, and NR mass spectra of this ion 
were identical to the corresponding spectra of ions 
from the organometallic precursor. Neither the MI nor 
the CA mass spectra contain the CsHi or CHZ ions, 
which seems to be characteristic of the C,H,CH: 
structure proposed in ref 2. 
Thus, methylcyclopentadienylmanganese ions are 
believed to rearrange into cyclohexadienylmanganese 
cations before decomposition in the second field-free 
region of the ZAB-2F mass spectrometer. The most 
probable route from ion lg to ion 6 is via an intermedi- 
ate of type 5. The reverse migration of the endo hydro- 
gen atom from the cyclohexadienyl ligand to the metal 
atom possibly does not take place. 
The behavior of the hydroxymethyl-substituted ions 
lh resembles that of the carboxyl derivative le. The 
main dissociation process leads to MnOH+ ions, whose 
formation is associated with OH-group migration from 
the substituent to the metal atom. The other significant 
fragments, which can originate from type 2 ions, are 
produced by elimination of H, and H,O molecules, 
but the intact nido-cluster structure lh must also be 
considered a possible precursor for both fragment ions. 
To identify the mechanisms for C6H50Mn+ and 
C,H,Mn+ ion formation, the MI mass spectra were 
recorded for labeled lh ions, containing one or two 
deuterium atoms in the cyclopentadienyl ring [in the 
a-position(s) relative to the substituent]. The Ml mass 
spectra of the deuterated ions do not show peaks due 
to HD or D, loss. Therefore, only hydrogen atoms 
from the hydroxymethyl substituent of the intact 
Table 2. Calculated and experimentally observed HDO: H,O 
losses from C,H,DOMn+ andC,H,D*OMn+ ions in the 
m&stable ion mass spectra of dideuterated lh 
Mechanism C,H,DOMn + CsHSDIOMn + 
A 50:50 loo:o 
B 25:75 50:50 
C 0:lOO 0:lOO 
D 83:17 67~33 
Observed ( + 1 b 86:14 73~27 
nido-cluster ions lh are involved in the elimination of 
H,, leading to the formylcyclopentadienylmanganese 
ions (If). 
Ion lh is a likely precursor for &H&in+ ions too, 
involving a 1,3-elimination of H,O and including the 
hydrogen atom from the a-position of the cyclopenta- 
dienyl ring (Table 2, mechanism A). This would lead 
to only HDO loss being possible from [2,5- 
D,CsH2CH,0H]Mnf ions; however, the MI mass 
spectrum of these ions showed peaks corresponding to 
both HDO and Hz0 elimination (Table 2). Therefore 
other mechanisms for water elimination have to be 
proposed (Table 2): mechanism B: elimination from 
Structure Zh, with participation of cyclopentadienyl 
ring hydrogen; mechanism C: elimination from Struc- 
ture Zh, with participation of methylene hydrogen 
only; mechanism D: water loss from any structure with 
equivalent hydrogen atoms. In Table 2 are listed the 
observed HDO/H,O loss ratios and those calculated 
for mechanisms A-D. Table 2 shows that only mecha- 
nism D is in agreement with the experimental data. 
The small excess of H,O loss may result from a pri- 
mary isotope effect (kH/kD = 1.09) or by some inter- 
ference due to incomplete labeling. The randomization 
of six hydrogen atoms prior to water elimination can 
be rationalized by Scheme IV. Ion lh rearranges into 
the 2h structure by migration of the hydroxyl group to 
the central metal atom. Expansion of the five-mem- 
bered ring then leads to ion 7, which contains the 
benzene l&and having six equivalent hydrogen atoms. 
Some indication of the manganese-containing ion 
rearrangement reactions were deduced from the 
decomposition processes leading to the metal-free 
organic ions. The structures of organic ions derived 
from the manganese-containing precursors, namely, 
C6H50+ and C,Hg, have been considered earlier [2]. 
For example, according to the previous quantum 
chemical calculations, Structures 4 and 6 are not the 
most stable ions of composition C6H50+ and C,H;, 
respectively [2, 131; however we have not observed 
Scheme IV 
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any indication of the formation of these stable nido- 
cluster structures (Structures 8 and 9). This can be 
explained in two ways. First, the transformation of 
ligand(s) in the coordination sphere of the transition 
metal atom are strongly controlled by the central metal 
atom. Only a definite number of isomerization pro- 
cesses, usually stereochemically selected [llbl, are per- 
mitted, and they do not necessarily lead to the’ most 
stable isomers. Second, if the organic ion formed on 
the decomposition of the metal-containing precursor is 
not the most stable isomer for the given composition, 
its transition into the more stable isomer&.) requires 
the loss of excess energy, and therefore, in general, 
their decomposition processes should be accompanied 
by large kinetic energy releases. This proposal is not in 
keeping with the observed kinetic energy loss on the 
fragmentation of C,H,O + ions on C,Hl + CO, for 
which Tr,s is only 20 meV. 
Q 
I* 
k 
l-PI-l 
8 9 
Conclusions 
The MI mass spectra of RXCsHJ4n+ ions show that 
only unsubstituted and cyan0 derivatives entirely re- 
tain their initial nido-cluster type 1 structure. For the 
other substituents, considerable isomerization occurs, 
the degree of which depends on the nature of the RX 
group. For the carbonyl, X = CO, and methylene, X = 
CH,, derivatives, from partial to complete isomeriza- 
tion of 1 ions into the type 2 structure takes place by 
the well-known migration of a radical (usually from 
the /%position of the side chain) to the positively 
charged central metal atom. Ions of type 2 are the key 
intermediates for further rearrangements [e.g., ring 
expansion (for the ions initially containing a methylene 
group connected with the cyclopentadienyl ring] and 
“reverse” migration of the radical R from the metal 
atom into the r-ligand. The degree of type 1 ion 
isomerization (in decomposing ions} may be estimated 
from the inverse ratio of the summed peak intensities 
corresponding to type 1 ions to the summed intensity 
of all the other peaks in the Ml mass spectra. These 
values (Z) are listed in Table 1. The series of Z values 
obtained in this work differs from that derived from 
the reactivity of gas-phase RX&H&n+ ions toward 
crown ethers [3] or on their relative abundances in 
the ion source of the mass spectrometer [2, 141. The 
main discrepancies are in the position of the CHO 
subs&rent among the carbonyl derivatives, which 
despite the previous data [2, 31 behave like the car- 
boxy1 derivative and unlike the acetyl- and benzoyl- 
substituted ions, and of methylene-containing ions (X 
= CH,) relative to their carbonyl analogues having 
the same R groups. These differences result from the 
specific conditions of the MI experiment, which ob- 
serves the decomposition of ions with a narrow inter- 
nal energy spread and in a limited time (microsecond) 
frame: The isomeric composition of stable ions differs 
from that indicated by the MI mass spectra because the 
energy required for the simple metal-n5-cyclopenta- 
dienyl ligand bond cleavage for (most of) the 
RXCsH,Mn+ ions exceeds the energy necessary for 
isomerization into type 2 structures and their further 
decomposition or fragmentation. 
Data from the Ml decompositions do not exclude 
the possible existence of stable type 1 structures. This 
is confirmed by analysis of the CA mass spectra of 
RXC5H4Mn+ ions (Table 3). Most of them contain 
“bare” metal ion peaks arising from the dissociation of 
type 1 structures. Hence the energy transmitted to 
Table 3. Collisions1 activation mass spectra of ions la-lh (L = RXC,H,) 
IOIl fragment ions (relative intensity, 96) 
la 
lb 
1C 
Id 
le 
If 
‘g 
lh 
Mn+, 100; &H,Mn+. 15: C,H,Mn+. 14: C2HMnf, 5; C,H:, 1 
Mn’. 100; C,H,Mn+. 4; C+,H,Mn’, 7; CSH,MnC. 6; C3H,MnC. 13; CNMn+, 4: 
C,HMn+, 4: C,H:. 1; C,H,CN+, c 1; C,H;. 1 
MnCH:. 100; (LMn- HI+. 9; ILMn- OH)+. 5; ILMn- H,O)+. 36; (LMn- HzO- HI’. 6; 
(LMn- CO)‘, 20; C5HJMn’, 10; &HMn’, 4; L+. 1; C3HMnt, 3; C2HMnC, 2; 
Mn+, 8 
(LMn- CO)+, 100; (LMn- HI’, 17; L+, 4; C,,Ha, 1; (L- CO)+, 2; (L- HCO)+, 2; 
MnPh’, 58; C,H&Mn 
Ph+, 1; Mn’. 5 
+, < 1; C,H;, 1; PhCO+, < 1; C,H,Mn+, 1; C,HMn’, < 1; 
MnOH+. 100; (LMn- HI’. 9; (LMn- OH)‘. 3; (LMn- H,O)+, 20; {LMn- H,O)+, 5; 
(LMn- CO)+, 12; C,H,Mn+, 5; C,H2Mn+, 3; CSH,CO+, 2; &Hi, 1; Mn+, 11; 
C,H,+. < 1 
C,H 
9 
O’, 100; C5H,Mn+, < 1; &Hi. < 1; Mn+. < 1 
C,H,, 100; C,H,Mn+. 2; C,H,Mn +, < 1; C,H,Mn+, 1; &Hz, 2; MnH+, 5; Mn+, 4 
MnOH+. 100; (LMn- HI+, 45; (LMn- H,)+, 37; (LMn- OH)+, 5; C,H,Mn+, 30: 
C,H,Mn+, 10; MnH+, 0 
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Figure 1. NR mass spectrum (xe, 90% T/O,, 85% T) of the 
M&H,CN+ ion (lb). 
stable ions of type 1 on a single collision with target 
gas is enough to initiate their dissociation. 
The exception is the behavior of ions with R = OH 
(lf and lh). Their CA mass spectra do not display a 
Mn* ion peak. It is concluded that, in these cases, the 
energy required for the type 1 ion to rearrange into the 
type 2 structure is very small. Thus, even though the 
stable ions exist as type 1 species, their isomerization 
into type 2 structures following collision is fast. The 
NR mass spectra of these two ions also differ~from the 
NR mass spectra of the other derivatives, showing no 
recovery signal for lg and a very weak recovery signal 
for lh. 
Except for the presence or absence of the recovery 
signal, the NR mass spectra provide less information 
about the RXCsH4Mnf ion structures. All of the NR 
mass spectra (see, for example, Figures l-5 for lb and 
Id-lg ions) show abundant Mn* ions. The NR mass 
spectra contain significant h4n+ yields (unlike the CA 
mass spectra) whose origin is uncertain; for example, 
they could be formed from neutral h4r-1 atoms gener- 
ated from neutral intermediates and from reionized 
MnK species (see, e.g., the NR mass spectra of MnOH+ 
and MnC,H$ ions, Figures 6 and 7). 
Figure 2 NR mass spechum (Xe, 90% T/O,, 85% T) of the 
MnCSH,COPh+ ion (Id). 
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I - NO 
Figure 3. NR mass spectrum (Xe, 90% T/O*, 85% T) of the 
MnCSH,COOH+ ion (le). 
II 
-3. m*3 
31 sb 45s 13 
Fig- 4. NR mass spectrum (Xe, 90% T/4, 65% T) of the 
MnC H 5 4 CHO+ ion (If). 
Figure 5. NR mass spechum (Xe, 90% T/O,, 85% T) of the 
h4nCSH,CH~ ion (ld. 
Only la and lb ions show metal-free cyclopentadi- 
enyl ligand ions (CsH; and CsH&N+, respectively). 
The NR mass spectra of lc-lh contain C5H4X+ ions, 
which can originate from the reionized type 2 struc- 
ture, from decomposition of reionized C,H,XR species, 
and from the reionization of C,H,X neutral molecules. 
ZAGOREVSKII ET AL. 
Figure 6. NR mass spectrum (Xe, 90% T/O,, 85% T) of the 
MnC,H: ion. 
rn” RECOVERY 
SIGNAL 
Figure 7. NR mass spectrum (Xe, 90% T/O,, 85% T) of the 
MnOH+ ion. 
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